INTRODUCTION
The proper development of tissues requires appropriate growth and differentiation of each constituent cell according to its position within that tissue. In many cases, extracellular signaling molecules play key roles in regulating these processes. In Drosophila, imaginal discs are small sacs of cells set aside during early embryogenesis that eventually give rise to adult structures, such as wings and legs. Cells within these tissues undergo proliferation and acquire particular fates during the larval and pupal stages. Key to controlling these events are the localized production of several signaling molecules that have been proposed to act as morphogens. Morphogens regulate cell fate in a concentration-dependent fashion. According to this view, positional values are assigned to cells within a developing field in response to the type and level of morphogens that they receive (Teleman et al., 2001; Gurdon and Bowillot, 2001 ).
During Drosophila wing development, gradients of the short-range morphogen Hedgehog (Hh) (Lee et al., 1992; Heemskerk and DiNardo, 1994) and long-range morphogens Decapentaplegic (Dpp) (Padgett et al., 1987) and Wingless (Wg) (Rijsewijk et al., 1987) have been proposed to define a coordinate system that helps integrate the process of cell specification with growth (Lecuit et al., 1996; Nellen et al., 1996; Zecca et al., 1996; Neumann and Cohen, 1997) . Hh expression is restricted to the posterior compartment by a requirement for a positive input from the posterior compartment specific segment-polarity gene engrailed (Lee et al., 1992) . Hh produced by posterior cells then diffuses a short distance into the anterior compartment, where one of its main functions is to activate expression of the longrange morphogen Dpp ( Fig. 1A ; Zecca et al., 1995) . A gradient of Dpp, formed by either passive diffusion or a transcytosis mechanism (Teleman and Cohen, 2000; Entchev et al., 2000) , is then responsible for providing positional information along the entire A/P axis throughout the wing blade. In addition, a second long-range morphogen Wg is activated along the dorsal-ventral(D/V) border ( Martín-Blanco et al., 1998) in wild type (B) and in the hypomorphic tkv 427 /tkv 7 mutant (C) . No strong expression is seen in the wing blade region in the wild type, although weak expression is often seen. Arrowheads indicate the normal expression of puc-lacZ in the peripodial membrane cells. Ectopic JNK activation is observed in the center of the wing blade region (primordial wing tip, arrow) in the tkv mutant. (D) Image of phospho-Mad (Mothers against Dpp), an active form of a Dpp signal transducer (Sekelsky et al., 1995; Tanimoto et al., 2000) is superimposed with (C) (blue). JNK activation is independent of a discontinuity in the Dpp signal gradient. (E-I) Activation of JNK results in apoptosis in the primordial wing region. (E) Caspase-3 is activated (blue) in the mosaic clones expressing constitutively active Hep Cohen, 2001 ). Together, these two long-range gradients help coordinate growth and patterning not only in the wing but in all imaginal discs.
Since these morphogen gradients are essential to proper development, it might be expected that processes have evolved to ensure that these gradients are maintained with a smooth shape. As previously reported, when the Dpp signal strength is reduced in the wing disc, the c-Jun amino-terminal kinase (JNK; Ip and Davis, 1998) pathway is activated in the wing tip primordium (Figs. 1B-1D ), leading to apoptosis (Adachi-Yamada et al., 1999) . JNK is a member of the mitogen-activated protein kinase (MAP kinase) superfamily and is known to induce apoptosis in a number of different situations, including growth factor withdrawal from cultures of sympathetic neurons and cerebellar granule neurons in vertebrates (Xia et al., 1995; Watson et al., 1998; Ham et al., 2000; Harris and Johnson, 2001 ) and when ectopically activated in the Drosophila eye disc (Takatsu et al., 2000) and wing disc . In both cases, the process likely requires a transcriptional response mediated by Jun (Harris and Johnson, 2001, Takatsu et al., 2000) . Although it is clear that JNK activation is not a primary mediator of all, or even most, apoptotic responses (Davis, 2000) , in the fly wing disc, genetic analysis has demonstrated that it is absolutely required for the apoptosis induced by distortion of dpp signaling (Adachi-Yamada et al., 1999) . Recently, an additional link between BMP signaling and JNK-mediated apoptosis has also been identified in mouse Mv1Lu cells, where overexpression of the BMP inhibitor Smad7 leads to induction of JNK and apoptosis (Mazars et al., 2001) .
Given the potential importance of this mechanism for modulating slopes of morphogen signaling, we sought to further refine the rules that govern this apoptotic response. As reported here, we uncovered three important features of this process. First, generalized reduction in Dpp signaling leads to specific JNK-mediated apoptosis in the wing tip region as a result of continued normal levels of Hh signaling. If Hh signaling is reduced, then JNK activation and apoptosis are prevented. Second, mosaic analysis reveals that JNK is activated nonautonomously in a Hhindependent manner in regions of the wing disc, where discontinuities are produced in reception of either the Dpp or Wg signal. These discontinuities result in the death of cells on both sides of the boundary and eventual restoration of a smooth gradient by adjacent cells filling in the vacated space. Third, these effects likely require transcriptional responses mediated by downstream targets of Dpp and Wg signaling, such as Optomotor-blind (Omb), Brinker (Brk), and Vestigial (Vg). We propose that this mechanism be termed morphogenetic apoptosis and suggest that it helps tissues sense and remove cells with somatic mutations that deregulate their response to morphogen signals. Morphogenetic apoptosis may be related to the phenomenon of cell competition in which slow-growing cells are eliminated by their faster growing neighbors. The cell competition process has recently been shown to be mediated by brk up-regulation in the slow-growing cells, resulting in autonomous JNK activation and eventual cell elimination (Moreno et al., 2002) . In morphogenetic apoptosis, we show that brk need not be activated within the clone to produce nonautonomous apoptosis. Instead, it appears that a discontinuous boundary in the reception of a morphogen signal is the key to activating JNK. We suggest that differences in cell affinity may be one mechanism that helps trigger the apoptotic response. This process aids in the restoration of a continuous morphogen gradient and thereby helps ensure normal tissue development.
MATERIALS AND METHODS

Drosophila Stocks
omb-lacZ
P1 , puc-lacZ E69 , brk-lacZ 3sB , and dpp blk -Gal4 lines have been described previously (Sun et al., 1995; Martín-Blanco et al., 1998; Minami et al., 1999) and tkv a12 mutations (Busson et al., 1988; Glise et al., 1995; Adachi-Yamada et al., 1999) .
Production of Mosaic Clones with Ectopic Gene Expression
Discs were prepared from larvae carrying the actϾstopϾGal4 (Ito et al., 1997) , hsFlp (yeast FLP recombinase gene driven by heat shock promoter), and UAS transgenes. GAL4-expressing clones were induced by heat treatment at 37°C for 30 min at 48 -96 h after egg laying and observed at 24 -48 h after heat treatment. In the (green). The clones show a scattered distribution, which is a sign of apoptosis. Nonautonomous activation is sporadically seen. (F-I). Induction of puc-lacZ (red) and Caspase-3 activation (blue) is primarily autonomous when JNK is overexpressed by ap promoter (green). Different and merged color images are on the same specimen. The smooth curve of the D/V boundary normally found in wild type is lost in this fly by severe apoptosis in the dorsal compartment. (J, K) Occurrence of the wing tip apoptosis in the tkv hypomorph is dependent on Hh signal. (J) JNK activation at the wing tip in the tkv hypomorph (arrow) is merged with the dpp-expressing area (green calculation of the frequency of the Dad-expressing clones, 10 discs were analyzed and clone numbers where counted in 6 equivalently sized circular zones positioned in a closest packing arrangement centered about the wing tip primordium.
Immunohistochemistry
Anti-active Caspase-3 antibody was a gift from Idun Pharmaceuticals and anti-␤-galactosidase was purchased from Promega. Each was used at a 1/4000 and 1/200 dilution, respectively. Antiphospho-histone H3 antibody was purchased for Upstate Biotechnology and used at 1/100 dilution. Anti-phospho-Mad (Persson et al., 1998 ) was a gift from P. ten Dike and was used at a 1/100 dilution. Secondary anti-mouse and -rabbit antibodies were from Amersham or Jackson ImmunoResearch and used at 1/200 dilution. Discs were dissected and mounted in 80% glycerol for photography. AO staining was as done as previously described (Adachi-Yamada et al., 1999) .
RESULTS
General Reduction of Dpp Signal Leads to HhDependent Wing Tip Apoptosis
As previously reported, when Dpp signaling is reduced by certain combinations of hypomorphic mutations in tkv, the Dpp type I receptor (Brummel et al., 1994; Nellen et al., 1994; Okano et al., 1994; Penton et al., 1994) , or in dpp itself, the JNK pathway is activated in the wing tip primordium (Figs. 1B-1D ), leading to apoptosis and notched wings (Adachi-Yamada et al., 1999) . In that previous report and in the present study, we monitored JNK activity by observing the expression of a lacZ-enhancer trap in the puckered (puc) gene (Martín-Blanco et al., 1998) . Puc is a protein phosphatase that specifically inactivates JNK, and its transcription is induced by the JNK signal, thereby making a negativeregulatory circuit. Most of the endogenous and ectopic puc expression observed in this study was eliminated in a background mutant for hemipterous (hep) (Glise et al., 1995) , a gene encoding the homolog of the MAP kinase kinase-7 that activates JNK. We also found that overexpression of JNK or a constitutively active form of Hep leads to both puc induction and apoptosis as monitored with an antibody against an activated human Caspase-3 (Srinivasan et al., 1998) that specifically recognizes dying cells in Drosophila (Baker and Yu, 2001; Figs. 1E-1I) . Hence, we conclude that puc expression can be used as an indicator of JNK activation and eventual apoptosis.
With these tools in hand, we explored the basis of the wing tip-induced apoptosis under conditions of reduced Dpp signaling. We noted that the location of most of the apoptotic cells in the wing tip seems to be restricted to the area where Hh signaling occurs. This is evident when the area of dpp expression, which is known to be induced by Hh signal, is superimposed on the area of puc activation (Fig.  1J) . Thus, we hypothesized that the restriction of apoptotic cells to the wing tip primordium was caused, in part, by cells receiving a normal level of Hh signal but a reduced level of Dpp signal. To test this notion, we introduced fu 1 , a hypomorphic allele of fused (fu) which encodes an intracellular signal transducer of Hh signal, into the tkv hypomorphic background. Under these conditions, JNK and Caspase-3 activation at the wing tip are clearly eliminated (Fig. 1K ). Expression of brk is known to be induced in cells with reduced reception of the Dpp signal (Campbell and Tomlinson, 1999; Jazwinska et al., 1999; Minami et al., 1999) and also in cells heterozygous for Minute (M) (Moreno et al., 2002) . In the latter case, the ectopic brk expression is responsible for induction of apoptosis in M/ϩ cells. Consistent with this observation, we find that ectopic brk expression accompanies wing tip apoptosis in tkv hypomorphic mutant cells (arrow in Fig. 1L ). This suggests that the wing tip apoptosis in the tkv hypomorph is likely to be related to the cell competition phenomenon, which has recently been shown to require brk for induction of apoptosis (Moreno et al., 2002) .
Interestingly, certain alleles of the Dpp target gene omb also lead to severe wing notching and induction of JNKmediated apoptosis (Adachi-Yamada et al., 1999; Figs. 1M, 1N, and 1Q) . As shown in Figs. 1O and 1R, reduction in Hh signaling also suppresses both the apoptosis and wing notching phenotype. These results suggest that, at least in the wing tip primordium, normal levels of Hh signaling combined with lower expression levels of the Dpp target gene omb and an increase in brk are responsible for initiating the apoptotic response.
Discontinuities in Reception of the Dpp Signal Causes Apoptosis of Cells on Either Side of the Mosaic Boundary in a Hh-Independent Manner
The fact that reception of disparate levels of morphogen signals appears to lead to apoptosis suggested to us that this mechanism might also contribute to the poor survival of tkv mutant clones in certain regions of the wing disc (Burke and . Previously, it has been shown that large tkv clones are not recovered in the central region of the wing disc, whereas such clones do survive if induced in more peripheral regions. Recently, such clones have been shown to have a reduced growth rate compared with their neighbors, but these experiments were done in the presence of apoptotic inhibitors (Martín-Castellanos and Edgar, 2002) . We reasoned that loss of these clones likely reflects both a reduced growth rate and an apoptotic response mediated by JNK. To examine this issue, we generated standard somatic mosaic clones (Xu and Rubin, 1993) of tkv and, as reported by Burke and Basler (1996) ; we find that recovery of mutant clones in the central region of the wing disc is very reduced at 48 h after clone induction. However, among peripheral clones, we note that JNK is activated in a striking fashion. In most cases, JNK is activated at the clone boundary closest to the Dpp source where Dpp has been shown to accumulate (Entchev et al., 2000) . In addition, we find that JNK is activated both within the clone and also in cells adjacent to the boundary ( Figs. 2A-2C ), including those with both ϩ/ϩ and ϩ/tkv a12 genotypes. Although JNK activation is seen in many cells tightly associated with the mosaic boundary, it is not always seen in cells within the clone that are farther away from the border. Both these observations suggest that JNK activation is not a cellautonomous property of the clone itself, rather it may instead be triggered by the presence of a discontinuity in the reception of a morphogen signal.
Since standard clone induction protocols generate cells with all three genotypes (ϩ/ϩ, ϩ/Ϫ, and Ϫ/Ϫ) located at adjacent positions near clone boundaries, we sought a simpler system for creating discontinuities in morphogen signal reception. Thus, we used flip out activation (Ito et al., 1997) to ectopically express daughters against dpp (dad) within limited groups of cells at various positions in the wing disc. Dad is a Drosophila homolog of the mammalian inhibitory Smads, which are known to interfere with reception of BMP signals by either preventing access of Smads to receptor or by forming a complex with the R-Smads and thereby preventing their phosphorylation (Tsuneizumi et al., 1997; Inoue et al., 1998) . When we induced a clone that ectopically expresses Dad, we found that JNK was activated in cells on either side of the clone boundary (Fig. 2D) . The activation was generally strongest in those cells that form the boundary, but also was seen at variable distances both inside and away from the clone. Interestingly, this activation is often found in and around a clone composed of only a single cell when it is located at more central region of the wing disc (Fig. 2E) . In larger Dad-overexpressing clones, just as was found for tkv loss-of-function clones, the cells in the center do not show activation of JNK. Using both acridine orange and immunostaining for activated caspase-3, we find that the activation of JNK leads to apoptosis in and around the clone (Figs. 2F and 2G ). These observations lead us to hypothesize that JNK is activated in a nonautonomous manner to elicit apoptosis if a steep discontinuity arises in the reception of the Dpp morphogen gradient.
To determine whether this apoptotic response also requires input from Hh, as did the apoptosis in the wing tip in a tkv mutant background, we tested whether introduction of the fu 1 mutation would suppress the effect. In contrast to wing tip apoptosis in the tkv hypomorph (Fig. 1R) , we continue to observe JNK and Caspase-3 activation in and around the dad-overexpressing clone in the fu 1 mutant background, even when this clone is located in the area where Hh signal occurs (Figs. 2H-2K ). Therefore, we conclude that JNK-induced apoptosis in the tkv hypomorph and that generated by a discontinuity in reception of the Dpp signal are not identical although they may have a common underlying molecular basis (see Discussion).
To further test our hypothesis that JNK is activated if a steep discontinuity arises in reception of the Dpp signal, dad was induced by the apterous (ap; Cohen et al., 1992) gene promoter by using the GAL4/UAS system (Brand and Perrimon, 1993; Figs. 2L and 2M) . Because ap expression in the wing disc is restricted to the dorsal compartment, the boundary of ap expression intersects the gradient of Dpp signaling at a right angle along the D/V compartment boundary. In this case, we find that puc expression is up-regulated around the primordial wing tip in the central region of the disc, where the highest difference in Dpp signaling strength is present (Figs. 2L-2N ). Activation of Caspase-3 also accompanied puc expression (Fig. 2O) . As was found for the tkv hypomorph, both puc expression and . puc-lacZ (red). (Q, R) High magnification views of the boxed region of (P). Presence of cells inside the mutant clone is visualized by nuclear staining with DAPI (blue). puc-lacZ expression is never detected inside the mutant clone. Df(2L)flp147E also lacks the gene chico encoding a homolog of insulin receptor substrate, which regulates cellular growth (Bohni et al., 1999) . However, the clones simply homozygous for Df(2L)flp147E can survive in the wing blade primordium and do not induce ectopic puc-lacZ expression (not shown).
caspase-3 activation are reduced by the introduction of the hep mutation (Fig. 2P) , further suggesting that the apoptosis induced by dad overexpression also results from activation of the JNK pathway. In this case, we see that the distribution of brk expression is restricted to the dorsal compartment only and not activated in a nonautonomous manner as is puc (Fig. 2Q) . Thus, like cell competition, upregulation of brk may contribute to the process, but in this case, it leads to a nonautonomous apoptotic outcome.
A Continuous Gradient Is Recovered after Removal of dad-Overexpressing Clones in the Wing Blade Primordium
In another test of the notion that apoptosis preferentially removes clones when there is a large discrepancy in the reception of the Dpp signal in adjacent cells, we mapped the frequency and position with which Dad-overexpressing clones could be recovered in third instar discs. At 48 h after clone induction, we find that clones are more prevalent (99%; see Materials and Methods) in the periphery of the wing disc, where reception of Dpp signal is lower than in the center where Dpp signal is high (see also Martín-Castellanos and Edgar, 2002) . Furthermore, we find a temporal shift in the location of JNK and Caspase-3 activation from the central to peripheral wing region between 24 and 48 h after clone induction (Figs. 3A-3C ). When a hep mutation is introduced into the dad-overexpressing clone background, removal of dad-overexpressing clones from the wing blade primordium was greatly delayed and large clones were recovered in the central portion of the disc (Fig.  3L) . Similarly, reduction in the level of hep and/or JNK was often found to allow for recovery of large tkv a12 mutant clones (Figs. 3M-3O) . Interestingly, if a tkv mutant clone is also mutant for JNK, puc-lacZ expression within the tkv clone is absent but nonautonomous puc-lacZ expression is still triggered in neighboring cells (Figs. 3P-3R) .
The biased recovery of peripheral Dad overexpression clones is similar to that reported previously for clones of tkv (see above; Fig. 3M ; Burke and Basler 1996) . This observation indicates that JNK activation is not a specific consequence of Dad overexpression or Tkv loss. Rather, it is consistent with the notion that discontinuities in levels of Dpp signal reception underlie the process.
When p35, an anti-apoptosis protein from baculovirus, is artificially expressed in all of the wing disc cells, elimination of the Dad-overexpressing clones is significantly inhibited (Fig. 3D) . A similar result has recently been described by Martín-Castellanos and Edgar (2002) . We note that, in this case, puc-lacZ is more broadly expressed around the clone (Figs. 3D-3F ), perhaps suggesting a diffusible signal for puc activation. Taken together, these results suggest that the cells with active JNK are efficiently removed unless apoptosis is blocked.
We infer from these results that, after dad-overexpressing clones are rapidly removed from the wing blade primordium, a continuous Dpp signal gradient should be regenerated. Indeed, we observe that the patterns of phospho-Mad and omb expression appear normal in discs in which large numbers of dad clones have been induced (Figs. 3G-3I ). In addition, the recovery of the Dpp signal gradient does not seem to be accompanied by an increase in cell proliferation localized to the central portion of the disc (Figs. 3J and 3K) . Accordingly, we believe that the removed area is more likely to be first occupied by surrounding cells without the frequent occurrence of local compensatory cell division. We cannot rule out, however, that there is a low level of increased cell proliferation that occurs throughout the disc during development that compensates for the loss of dying cells. Therefore, it is concluded that JNK-induced apoptosis contributes, at least in part, to rapid recovery of a continuous Dpp signal gradient by destruction of cells at the discontinuity.
JNK Activation Requires the Presence of a Signal Reception Discontinuity
To further test the hypothesis that the discontinuity itself leads to the JNK activation, we carried out a converse experiment using constitutively activated Tkv (Tkv CA ; Wieser et al., 1995; Haerry et al., 1998) . If the primary trigger of apoptosis is the presence of a discontinuity in the reception of Dpp signal, then we should also observe and apoptotic response by positioning cells receiving high levels of Dpp signal next to ones that normally see only low levels. To test this prediction, we expressed Tkv CA by producing somatic mosaic clones. As shown in Figs. 4A-4C, JNK is activated along the boundary of those clones that are located in the lateral region far from the Dpp source. Caspase-3 activation is also observed around the region where JNK is activated. Although the endogenous expression of brk is repressed in lateral regions by Tkv CA as previously shown (Campbell and Tomlinson, 1999; Jazwinska et al., 1999; Minami et al., 1999) , nevertheless we see activation of apoptosis (Figs. 4D-4F ). This suggests that brk itself is not directly responsible for the apoptotic induction, rather it is the discontinuity that triggers the response. We next expressed Tkv CA in the dorsal compartment using the ap-Gal4 driver. In this case, the wing disc shows an abnormal clover-leaf-like shape as a result of tissue overgrowth within the dorsal compartment. Nevertheless, both JNK activation (Fig. 4G) and apoptosis (Figs. 4H and 4I) are triggered along the D/V compartment boundary, but only in the peripheral region of the disc rather than in the center as was found for Dad overexpression. Once again, induction of the JNK pathway is observed on both sides of the expression boundary (Fig. 4J) at positions where there is a discontinuity of brk expression level (Fig. 4K) and juxtaposition of cells receiving high and low Dpp signals (Fig. 4L) . Similarly, Mad overexpression with ap-Gal4 also activated JNK along the D/V boundary in the lateral wing region (Figs. 2N and 4N ). Once again, both puc expression and caspase-3 activation are strongly reduced by the introduction of the hep mutation (Fig. 4M) .
As another test of whether a discontinuity in reception of the Dpp signal is the primary trigger of the apoptotic process, we asked whether overexpression of Dpp itself in an area that normally receives a low amount of signal could induce JNK activation. If activation of JNK requires a sharp discontinuity in signal reception, then we expect that overexpression of Dpp itself should not elicit this response because, in this case, the ligand should diffuse from its site of synthesis. This should create a smooth transition in the amount of signal that cells receive near a boundary rather than an abrupt change as is the case for overexpression of Tkv CA . As shown in Fig. 4O , when Dpp was induced by ap-Gal4, overgrowth of wing disc occurs; however, in this case, JNK activation along the D/V boundary is not observed. Thus, we conclude that simply positioning a source of high Dpp signal near cells that normally see low levels does not lead to JNK activation and apoptosis in the peripheral wing area. Rather, it requires a discontinuity in the levels of signal reception in adjacent cells to trigger the response.
JNK Activation Likely Requires Contact of the Cells with Different Fate
To address the issue of whether inappropriate cell fates are primarily responsible for the effects that we observe, we examined the effects of forced expression of known downstream target genes of Dpp in triggering the apoptotic response. The genes spalt (sal; Kuhnlein et al., 1994) , omb (Pflugfelder et al., 1992) , and brk (Campbell and Tomlinson, 1999; Jazwinska et al., 1999; Minami et al., 1999) are all known Dpp target genes that encode transcription factors that respond to different levels of morphogen signal (Lecuit et al., 1996; Nellen et al., 1996; Figs. 5A and 5G) . Normally sal and omb are up-regulated in response to a Dpp signal while brk is down-regulated. Accordingly, the overexpression of a single target gene may partially mimic activation of a Dpp signal resulting in juxtapositioning of cells with partly aberrant fates.
When sal is overexpressed by ap-Gal4, JNK and Caspase-3 are not activated along the D/V boundary, where the discontinuity exists (Figs. 5B and 5C ). Although Sal overexpression often represses its endogenous expression (Figs. 5D and 5E ), it did not affect the distribution of phospho-Mad along the D/V boundary (Figs. 5D and 5F ), suggesting no signal reception discontinuity exists under these conditions. We do note, however, that JNK and Caspase-3 were activated inside the sal-overexpressing area, especially in spots showing relatively weak overexpression. Although we do not understand the mechanics of this internal apoptosis, it is clear that Sal overexpression by itself does not trigger the nonautonomous JNK activation along the boundary. In contrast, when Omb is expressed by somatic mosaic, we find that JNK is activated in an autonomous and nonautonomous manner around the clones which are located at peripheral regions far from the Dpp source (Figs. 5G and 5I ). This is similar to the case of JNK activation in Tkv CA -overexpressing mosaic (Fig. 4C) . In addition, at this time, Omb-overexpression represses phosphoMad level as well as omb-lacZ expression level (Figs. 5J and 5L), leading to a signal reception discontinuity. Likewise, when ectopic brk clones are induced in the central region of the wing pouch where it is normally repressed (Figs. 5M-5O) , we observed both cell-autonomous and nonautonomous JNK activation around the brk-overexpressing clones. Taken together, these results suggest that the positioning of inappropriately differentially fated cells from a common tissue next to one another likely plays a role in triggering the apoptotic response, although they likely do so in an indirect manner (see Discussion).
Discontinuity of Wg Morphogen Activity Gradient Also Induces JNK-Dependent Apoptosis
In imaginal discs, Wingless (Wg) is another secreted factor that can specify cell fate in a concentration-dependent manner (Zecca et al., 1996; Neumann and Cohen, 1997) . Normally, Wg is produced by a narrow stripe of cells along the D/V compartment boundary (Fig. 1A) . To determine whether discontinuities in Wg signal reception also elicit nonautonomous JNK activation, we examined the effects of overexpression of Armadillo (Arm) and dominant negative TCF, two transcription factors that participate in transducing the Wg signal (Peifer and Wieschaus, 1990; Siegfried et al., 1994; Brunner et al., 1997; van de Wetering et al., 1997) . Using a dpp-Gal4 driver, we find that ectopic expression of Arm at the A/P boundary leads to activation of JNK in both dorsal and ventral wing pouches in peripheral positions along the anterior-posterior boundary (Figs. 6A-6C ). We also found that dominant negative TCF activates JNK in a nonautonomous manner when expressed near Wgproducing cells (Fig. 6D-6F) . Thus, disparate levels of Wg signaling also lead to nonautonomous JNK activation.
We also examined the consequence of misexpression of Vg, a gene whose expression is found in a wide region of the wing blade primordium (Fig. 6G) and is dependent on both Dpp and Wg signals (Kim et al., 1996) . When Vg is overexpressed in somatic mosaic clones, JNK is activated along the clone boundary (Figs. 6H and 6I) . However, those clones that show the most pronounced activation of JNK are those further from the D/V boundary. To ask whether the ectopic Vg might mimic an ectopic Wg signal, we examined the accumulation of Arm protein and expression of Dfrizzled-3 (fz3), both of which are known indicators of Wg signal strength (Hamada et al., 1999; Sato et al., 1999) . As indicated in Figs. 6J-6L, Vg-overexpressing clones at position far from D/V boundary show a high level of Arm accumulation and fz3-lacZ expression. It has also been shown that such clones express Distal-less (Cohen et al., 1989) , another indicator of a strong Wg reception (Liu et al., 2000) . These results indicate that the Vg-overexpressing cells which are Gal4 /ϩ; UAS-dpp/puc E69 ). Significant puc-lacZ staining is not observed at and around the D/V boundary (between arrows). The mechanism responsible for the broad puc-lacZ induction shown at the top outside the wing blade (i.e., notum primordium) is unknown. located far from the D/V boundary are in a condition similar to receiving high levels of Wg signal. Also, such clones often show a rounded appearance as do Tkv CA clones (Fig.   4A ), suggesting that clones which produce disparate levels of morphogen signal reception may have reduced affinity for their neighbors (Liu et al., 2000) . 
DISCUSSION
Morphogen gradients are crucial for the development of Drosophila imaginal discs and are likely to play roles in regulating the formation of many tissues in multicellular organisms. These gradients not only influence cell fate decisions, but also help coordinate pattern formation with tissue growth so that appendages of the appropriate size and shape are formed (Day and Lawrence, 2000) . Given the importance of these gradients in regulating appendage development, it is not surprising that mechanisms have evolved to correct disruptions that may arise as a result of sporadic somatic mutation or microheterogeneity in the distribution of ligand or receptor that arise during disc growth (Fig. 7) . Without such a corrective mechanism, small populations of cells might survive and grow with an inappropriate identity for their position within the developing field.
In this paper, we have described at least two types of conditions that trigger JNK-dependent apoptotic responses in the Drosophila wing imaginal disc as a result of disturbances in morphogen signaling. In the first example, we have found that a general lowering of Dpp signaling results in apoptosis of wing tip primordial cells provided that Hh signaling remains unperturbed. If reception of the Hh signal is also lowered, then homeostasis is restored. We also describe a second mechanism that is independent of the Hh signal, but instead requires adjacent positioning of cells that are receiving very different levels of either Dpp or Wg signals. In this case, a nonautonomous signal is triggered since cells on both sides of the discontinuity boundary die. Whether this involves a diffusible signal is unclear; however, the fact that we often find activation of JNK several cell diameters away from the discontinuity boundary and the size of the nonautonomous puc-positive field is increased in the presence of P35 suggests that this might be the case. In this regard, it is interesting to note that at least two other cases of nonautonomous cell death in wing discs have been reported. In one case, overexpression of activated Ras induced death at a distance, while in another, Ricininduced death in one compartment leads to induction of death in the adjacent compartment (Karim and Rubin, 1998.; Milá n et al., 1997) . It is also interesting to note that, in normal discs, there is a low level of random cell death (Milá n et al., 1997; Milá n, 1998) and the dying cells are also often found in small compact clusters. The nonautonomy that we observe when even a single cell discontinuity is generated could help account for the clustering phenomenon. Whether these examples employ the JNK pathway to execute death and whether the signals inducing wing tip cell death might be similar to that employed by morphogenetic apoptosis remains to be determined. Likewise, the recent demonstration that the phenomenon of cell competition utilizes the JNK pathway for elimination of slow growing cells and the fact that these slow-growing cells appear to be compromised for reception of Dpp signaling (Moreno et al., 2002) suggest that morphogenetic apoptosis could be a form of cell competition. The primary distinction appears to be that in morphogenetic apoptosis we see clear evidence for nonautonomy, while in the cell competition example, this was not reported. The difference may simply reflect variances in the strength of the discontinuity in signal reception. In the cases reported here, we produce large discrepancies in signal reception between adjacent cells, while in the cell competition case, the signal reception discrepancy is likely to be significantly milder. If a diffusible factor is involved, perhaps not enough is produced in the cell competition case to reach a threshold necessary for anything more than a very local (autonomous) effect.
One key observation that needs to be addressed by any model to account for morphogenetic apoptosis is the bidirectionality of the triggering condition. Specifically, cells are induced to die when they find themselves positioned next to other cells that have either inappropriately high or low levels of signal. Perhaps the simplest mechanism to envision is one based on cell affinity differences. In the wing disc, both surgical and genetic manipulations have suggested the existence of a gradient of cell affinity (Nardi and Kafatos, 1976; Ripoll et al., 1988) . These affinity differences are thought to reflect expression on the cell surface of different sorts of adhesion molecules, such as cadherins (Steinberg and Takeichi, 1994) . In addition, the matrix surrounding cells may relate positional information through other adhesive components such as integrins. Differential adhesion has been proposed to be the driving force behind several cell sorting behaviors, such as those that maintain compartment boundaries in imaginal discs and abdominal histoblasts (Lawrence et al., 1999, Dahmann and Basler, 2000) .
One hallmark of cell sorting behaviors is that the clones have smooth instead of irregular boundaries and often times have a rounded appearance. We note that tkv clones close to the Dpp source as well as Dad-overexpressing clones typically show smooth borders and in many instances are rounded as are clones overexpressing either activated Tkv or Vg (Figs. 5A and 7K; Burke and Basler, 1996; Liu et al., 2000) in the peripheral wing region. Thus, we speculate that induction of JNK might involve detection of differences in cell affinity that are regulated by downstream targets of Dpp and Wg signaling, such as Omb, Vg, and Brk. Perhaps the presence of unligated receptor on one side of the discontinuity border triggers release of a diffusible ligand that can activate the JNK death pathway. This model would account for the nonautonomous bi-directional nature of the signal. It is interesting to note that, in this regard, unoccupied integrin receptors have recently been shown to activated cell death pathways in certain cell culture lines, although there is no evidence that this requires JNK signaling (Stupack et al., 2001) .
One issue raised by the cell affinity trigger model is why, in some instances, clones appear to round up and sort out, while in others, they are killed by the JNK-dependent apoptotic mechanism. We propose that these processes actually represent a continuum of responses that depend on both the strength of the affinity differences and the timing of clone appearance. If the cell affinity differences are strong enough and/or early enough, then JNK-mediated apoptosis is induced. From a teleological standpoint, this makes sense since these clones may be very detrimental to the eventual development of the animal. If, however, the clone is induced later in development or does not exhibit strong cell affinity differences, then it likely will not be as detrimental to the host. In this case, a sorting response may be sufficient to allow the clone to reposition or simply to round up and pinch off from the surrounding tissue. Consistent with this view is the observation that small clones of tkv mutants induced late in development survive while those induced early during development do not . In addition, clones of the F box-containing protein Slmb (Supernumerary limbs), which regulates Hh signal reception as well as wg and dpp transcription in discs, show a biphasic response dependent on time of induction. Early induction leads to apoptosis, while late induction results in a sorting. These behaviors have also be speculated to be based on cell affinity differences (Milé tich and LimbourgBouchon, 2000) .
Multiple Mechanisms for Triggering JNK-Mediated Apoptosis
The cell affinity mechanism might also play a role in stimulating wing tip apoptosis as seen under conditions of reduced Dpp signaling since we have shown that this response is dependent on Hh, and as described above, Hh signaling is known to influence cell sorting. Furthermore, we showed that ectopic brk expression is induced at the wing tip primordium, which should generate a discontinuity in Dpp signaling level and a different affinity from surrounding cells. Alternatively, there might be several independent mechanisms that stimulate the JNK apoptotic response, and these signals may be integrated by the cell such that two or more subthreshold signals might synergize to produce the effect. Disparities in growth rates might be one such signal. Ras mutant clones for example have reduced growth rates and undergo apoptosis due to cell competition (Prober and Edgar, 2000) .
Multiple Mechanisms for Handling Tissue Insults
The apoptotic phenomenon that we describe here must be coordinated with other repair processes, such as regeneration. Insect imaginal tissue has the capacity to regenerate, either partially or fully, structures that become damaged as a result of physical or genetic manipulations (reviewed in Marsh and Theisen, 1999) . Although this process involves proliferation instead of death, it can also be triggered by tissue discontinuity and appears to employ the same set of signaling molecules (Wg, Dpp, and Hh) that we have found to mediate morphogenetic apoptosis. How might one response be elicited over another? It is likely that it is dependent on both the particular tissue involved and the type of manipulation which produced the confrontation. For example, in leg discs, loss of tkv in the Dppexpressing cells does not lead to apoptosis, but instead can lead to production of a bifurcated leg as a result of ectopic Wg transcription within the clone (Penton and Hoffman, 1996) . Likewise, loss of Wg reception in dsh clones can lead to ectopic dpp transcription (Jiang and Struhl, 1996; Heslip et al., 1997) . This differs dramatically from what we observe in the wing. We do note, however, that we can produce nonautonomous apoptosis in the leg; however, the rules do not appear to be as simple as in the wing (T.A-Y., unpublished observations). It is important to recognize in this regard that the leg disc employs a different developmental genetic circuitry with respect to the morphogens Wg, Dpp, and Hh than does the wing. Thus, in the leg, Wg and Dpp mutually antagonize each other's transcription, while the same does not hold for the wing. Therefore, loss of reception of one morphogen might not create a sharp discontinuity since another morphogen is produced and secreted resulting in the creation of a continuous gradient, albeit of a different morphogen, around the discontinuity. Similarly, when confrontations are produced by surgical manipulation, the cells are not inherently defective in reception of morphogen signals. Therefore, continuous gradients may reform rapidly; however, the slope may be steeper than normal, which in turn might stimulate a proliferative instead of apoptotic response. Obviously, additional studies will be required to understand how these two opposing processes of apoptosis vs proliferative regeneration are activated and coordinated by various types of tissues in response to different sorts of damaging events.
Morphogenetic Apoptosis and Tissue Sculpting during Development
Finally, we note that BMP signals have been implicated in inducing apoptosis during the sculpting of several vertebrate structures, including the interdigital zones in mice and cavitation of the early mouse embryo (Zou and Niswander, 1996; Gañ an et al., 1996; Coucouvanis and Martin, 1999; Tang et al., 2000) . While in these cases BMP signaling might directly activate a cell death pathway (Yamaguchi et al., 1999) , it is intriguing to consider that these events might be related to the phenomenon described here where a discontinuity in the BMP signal response might trigger release of a nonautonomous apoptotic signal.
